Individuals misuse oxycodone, a widely prescribed opioid analgesic, in part to self-medicate physical and emotional pain. Physical and emotional pain is thought to be represented in the brain by a 'pain matrix,' consisting of the insula, thalamus, and somatosensory cortices, with processing of the affective dimension of pain in the dorsal and rostral anterior cingulate cortex (ACC). The current study examined oxycodone's effects on restingstate functional connectivity between the dorsal ACC, rostral ACC, and other regions of the pain matrix using functional magnetic resonance imaging (fMRI). In a within-subjects, randomized, double-blind, placebo-controlled, dose-response design, 14 healthy subjects completed a resting-state scan following ingestion of placebo, 10 mg, or 20 mg of oxycodone. Functional correlations between the dorsal and rostral ACC seed regions and the pain matrix were examined and compared across sessions. Both doses of oxycodone reduced functional coupling between the dorsal ACC and bilateral anterior insula/putamen and the rostral ACC and right insula relative to placebo (no differences between doses). The findings do not withstand correction for multiple comparisons, and thus should be considered preliminary. However, they are consistent with the idea that oxycodone may produce its physical and emotional 'analgesic' effects through disruption of ACC-insula and ACC-putamen connectivity.
Introduction
Oxycodone, a semi-synthetic opioid analgesic, is currently one of the most widely prescribed drugs for the management of moderate to severe pain. Recently, there has been an alarming increase in non-medical oxycodone abuse and addiction, resulting in high rates of morbidity and mortality (Young, 2001) . Epidemiological data suggest that nearly 10 million Americans have abused prescription opioids in the past year (Becker et al., 2008) and that the economic cost of this abuse is in the billions of dollars (Birnbaum et al., 2006) . Although the motives for the misuse of prescription opioids are not fully understood, survey data indicate that selfmedication of emotional and physical pain are often cited as reasons for initiation and continued use (McCabe et al., 2009) . To the extent that the effects of oxycodone on pain processing contribute to its abuse liability, it is especially urgent to examine the neural mechanisms that underlie these effects.
Acute physical and emotional pain activates a network of neural regions (Eisenberger, 2012; Macdonald and Leary, 2005; Peyron et al., 2000; Tracey and Johns 2010; ) . This neural network, often called the 'pain matrix,' includes the somatosensory cortices, insula, thalamus, and anterior cingulate cortex (ACC) (Legrain et al., 2011; Rainville, 2002) .The somatosensory cortices are primarily responsible for sensory-discriminative functions, such as the location and duration of pain, while the ACC and insula are associated with affective-motivational processes and response generation (Apkarian et al., 2005; Richter et al., 2004) . For instance, manipulations that reduce the subjective experience of pain specifically alter ACC activity (Wager et al., 2004) , and ACC lesions decrease pain sensitivity (Lawson et al., 2009) . Moreover, voluntary control over ACC activation via neuro-feedback helps chronic pain patients control their perception of pain (DeCharms et al., 2005) . These findings have led to the idea that the antinociceptive effects of opioids are mediated by their actions in the ACC (Sprenger et al., 2006) .
Prior studies indicate that both rostral and dorsal sub-regions of the ACC are central to pain processing (Eisenberger et al., 2003; Kong et al., 2006) . Both regions have been implicated in affective responses to pain states (Peyron et al., 2000) , and analgesia induced via hypnosis and placebo (Faymonville et al., 2000; Petrovic et al., 2002) . They also have high opioid receptor densities relative to other areas of the brain, with the rostral ACC having the highest level of opioid binding within the cingulate (Vogt et al., 1995) . It is necessary to note that there is also literature suggesting that the dorsal and rostral ACC have separable pain-related functions (Vogt and Palomero-Gallagher, 2012) . It has been proposed that the dorsal ACC is responsible for fear responding and orientation towards noxious stimuli, whereas the rostral ACC primarily mediates perceptions of pain unpleasantness (Kulkarni et al., 2005; Vogt, 2005) . Although the findings supporting this distinction are mixed, it is important to examine both dorsal and rostral ACC sub-regions in studies of the pain matrix.
Consistent with the aforementioned literature, opioid analgesic agents such as oxycodone modulate pain-matrix activity. Specifically, pharmaco-functional magnetic resonance imaging (fMRI) studies show that opioid receptor agonists (e.g. remifentanil) attenuate pain-induced neural activation in regions such as the ACC, insula, and somatosensory cortices (Tracey et al., 2000; Wise et al., 2002 Wise et al., , 2004 . Recent work by Upadhyay and colleagues (2012) found that buprenorphine, a partial opioid agonist, reduces BOLD activity in the primary and secondary somatosensory cortices, middle cingulate cortex, and posterior insula in response to noxious heat. Animal studies have similarly demonstrated that opioids modulate pain-matrix neural activation (Shah et al., 2005; Tuor et al., 2000) . Notably, even in the absence of pain stimuli, opioid analgesics modulate neural activation of the ACC in healthy, drug-naïve volunteers (Leppa et al., 2006) . Leppa and colleagues (2006) found that acute administration of remifentanil increased rostral and dorsal ACC activation, which they attributed to the hedonic and analgesic aspects of the opiate.
The pharmacokinetic and pharmacodynamic properties of oxycodone are well studied. Oxycodone is an easily absorbed, μ-opioid agonist with high bioavailability (Kalso, 2005) . However, relatively little is known about the neural mechanisms underlying its effects. Although in many respects oxycodone resembles other opiates, it also differs in clinically important ways. For example, oxycodone has a lower affinity to and efficacy at μ-opioid receptors compared with morphine and buprenorphine (Nielsen et al., 2007; Pawar et al., 2007; Srivastava and Kahan, 2006) . In addition, oxycodone and buprenorphine both interact with μ-and k-receptors, but only buprenorphine (and other partial agonists) interact with δ-receptors (Drewes et al., 2013) . One approach to understanding the neural action of oxycodone is to examine its effects on the pain matrix using resting-state functional connectivity techniques. The effects of oxycodone during resting state will help to determine the connectivity between brain regions in the absence of acute noxious stimuli, which is informative given that oxycodone is often used recreationally in the absence of acute physical pain.
To date, few studies have examined the effects of opioid analgesics on resting-state functional connectivity. Upadhyay and colleagues (2012) found that both intravenous and sublingual doses of buprenorphine decreased resting-state functional connectivity between the putamen and the cingulate cortex, postcentral gyrus, posterior insula, and thalamus, in a sample of healthy drug-naïve males, although the magnitude of effects differed with the two routes of administration. In another study, intravenous morphine disrupted functional connectivity of several resting-state brain networks including the primary sensory motor network (e.g. pre-and postcentral somatosensory cortices) and the executive salience network (e.g. medial and inferior prefrontal regions) (Khalili-Mahani et al., 2012) . No study to date has specifically examined the effects of oxycodone on resting-state functional connectivity, and no study has examined the effect of oral administration of an opiate on this measure.
The primary aim of the current study was to investigate the effects of oxycodone on pain-matrix functional connectivity patterns during resting state. The study utilized a within-subjects, randomized, double-blind, placebo-controlled, dose-response design. Healthy volunteers completed three separate resting-state fMRI scans after placebo, 10 mg, or 20 mg of oxycodone. We used dorsal and rostral ACC seed regions because both have been implicated in emotional and physical pain (Piche et al., 2010; Ploner et al., 2002) . Given that some studies suggest the dorsal and rostral ACC may be involved in separate aspects of affective pain processing (Vogt, 2005) , we examined both regions individually for completeness. We hypothesized that, relative to placebo, oxycodone would reduce functional coupling between the dorsal and rostral ACC and other pain-matrix neural regions such as the insula, thalamus, and somatosensory cortices. We did not hypothesize that the pattern of results would differ between dorsal and rostral ACC seeds.
Methods

Participants
A total of 17 healthy, right-handed subjects were enrolled in the study. However, only 14 subjects completed all three scans and were included in the current study (Table 1) . Participants were excluded if they met lifetime criteria for any major Axis I or Axis II psychiatric disorder according to the Structured Clinical Interview for DSM-IV (SCID-IV Patient Edition; First et al., 1995) , were taking psychoactive medications, or had a history of a neurological or medical illness as confirmed by a medical examination. Participants were also excluded if they were pregnant or had taken drugs less than 48 hours prior to their scan, which was confirmed via a urine screen before each session. All participants 
Clinical variables
Average number of drinking days per week* 1.0 (0.5) Average number of drinks consumed per occasion 1.6 (1.2) Daily smoker 7.1% Ever used opiates non-medically 0.0% SCL-90-R Global Severity Index 0.1 (0.1)
Note. *Defined as the average number of days, within a given week, that the participant consumed one or more alcoholic beverages; SCL-90-R = Symptom Checklist-90-Revised (Derogatis, 1994) .
reported no recent history of pain. Participants provided written informed consent after explanation of the protocol, as approved by the University of Michigan Institutional Review Board.
Procedure
The study was a within-subjects, randomized, double-blind (i.e. participants and research staff were blind to condition), placebocontrolled, dose-response oxycodone challenge study. In three fMRI sessions, participants received placebo, 10 mg, and 20 mg of oxycodone (order randomized). Sessions were separated by 7 to 14 days (average number of days between sessions = 8.5, SD = 2.9). Subjects were instructed to fast for at least 12 hours before each session, to consume only clear liquids for at least 2 hours before their arrival, and not to ingest any drugs other than their usual amounts of caffeine and nicotine 24 hours before the study. Sessions were conducted from 9am to 5pm. After pregnancy and recent drug use urine screens, subjects ingested an opaque gel capsule containing oxycodone or placebo. To minimize expectancies they were told that the capsule may contain a stimulant, sedative, opioid, cannabinoid, or placebo. The capsules contained 10 mg or 20 mg oxycodone HCL (i.e. two or four 5 mg immediate-release capsules; Purdue Pharma, Stamford, CT) with dextrose filler. Placebo capsules contained only dextrose. All capsules were administered to subjects under double-blind conditions, with administration order randomized. Doses of 10 mg and 20 mg of oxycodone were selected for several reasons: 1) prior research has shown that these doses induce mood-altering effects with negligible cognitive and psychomotor impairments (Zacny and Gutierrez, 2003) ; 2) it has been suggested that 20 mg and 10 mg are considered therapeutic and sub-therapeutic doses for analgesia, respectively (Coluzzi and Mattia, 2005) ; 3) administration of these doses in healthy volunteers has not been associated with adverse events (Zacny and Gutierrez, 2003) .
Participants remained in a waiting room for 40 minutes, and MRI data collection began 90 minutes after ingesting the capsule, when the subjective ratings of drug effects were expected to be at their peak (Zacny and Gutierrez, 2003) . During the scan, participants completed three tasks prior to the resting scan (data not presented). The first was a 12-minute emotional pictures task during which participants viewed blocks of positive, neutral, and negative pictures taken from the International Affective Pictures System (IAPS). The second was a 12-minute face-matching task where participants were shown three faces and asked to match the two that expressed the same emotion (happy, angry, or fearful). The third task was a 5-minute visual-motor task that consisted of viewing a flashing checkerboard while tapping the index finger.
Each session was followed by a 5-minute resting scan during which subjects were instructed to lie still with their eyes open, focus on a fixation cross and to not think of anything in particular.
Participants completed self-report measures of drug effects at regular intervals, using the Addiction Research Center Inventory (ARCI) (Haertzen and Hickey, 1987) and the Drug Effects Questionnaire (DEQ) (Johanson and Uhlenhuth, 1980) . They also completed a modified version of the Profile of Mood States (POMS) (McNair et al., 1971) , consisting of 72 adjectives commonly used to describe momentary mood states. Participants indicated the extent to which they felt each adjective at the moment on a 5-point Likert scale (range 0-4) at baseline (0 mins) and again when they exited the scanner (120 mins post ingestion). Responses are combined to create eight subscales: friendliness, anxiety, depression, fatigue, anger, elation, confusion and vigor. Composite scores of negative arousal (i.e. negative excitability, defined as [(anxiety + vigor) -(fatigue + confusion)]) and positive mood (elation -depression) are also created using the individual subscales. After completing all three sessions participants were debriefed, informed of the contents of the capsules, and compensated with $255 for completion of all study procedures.
Brain imaging
Functional MRI was performed on a 3T GE Signa System (Milwaukee, WI) which acquired blood oxygenated leveldependent (BOLD) images with 43 axial, 3 mm-thick slices using a T2*-sensitive gradient echo reserve spiral acquisition sequence (2 s repetition time; 30 ms echo time; 64 × 64 matrix; 22 cm field of view; 90° flip angle), optimized to minimize susceptibility artifacts (signal loss) at the medial temporal pole (Yang et al., 2002) . This was followed by a high-resolution, T1-weighted volumetric anatomical scan (three-dimensional spoiled gradient echo) for precise anatomical localization and normalization.
Resting functional connectivity data analyses
Data from all 14 participants, across all 42 resting scans, met criteria for high quality and scan stability, particularly head movement (total movement for placebo: M = 1.4mm, SD = 1.1, range = 0.4-3.3; low dose: M = 1.0mm, SD = 0.7, range = 0.3-2.9; high dose: M = 1.1mm, SD = 0.5, range = 0.5-2.0). There were no differences in motion across the three conditions (F[2, 39] = 0.83, p = 0.45). Connectivity analyses were performed using the Functional Connectivity (CONN) toolbox (Whitfield-Gabrieli and Nieto-Castanon, 2012; www.nitrc.org/projects/conn) for Statistical Parametric Mapping software (SPM8: Wellcome Trust Centre for Neuroimaging, London, UK). Images were preprocessed using standard SPM8 procedures (slice-time correction, motion realignment, normalization using a structural template, smoothing [kernel size 8mm 3 ]). Effects of nuisance covariates (time-series predictors for global signal, white matter, cerebrospinal fluid, and movement parameters (including the first derivative)) obtained during realignment to account for motion-related effects in BOLD were regressed from the data following the implemented anatomical component-based noise correction method (aCompCor; Behzadi et al., 2007) . The data were then band-pass filtered to 0.01Hz-0.09Hz. Seed-based analyses were performed by calculating the temporal correlation between BOLD signals from a dorsal ACC (i.e. the CONN resting-state relevant [i.e. rsREL] ACC seed which is a 10 mm sphere located around MNI coordinates [0, 6, 40]; Whitfield-Gabrieli and Nieto-Castanon, 2012) and a rostral ACC seed region (10 mm sphere located around MNI coordinates [0, 46, 2]) to all other voxels in the brain. First-level correlations were created for all subjects. To test whether there were differences in functional connectivity across the three sessions (placebo, 10 mg oxycodone [low dose], and 20 mg oxycodone [high dose]), we performed a second-level repeated-measures analysis of variance (ANOVA). We considered effects that survived p < 0.005 (uncorrected) with a cluster extent threshold of greater than 20 contiguous voxels (volume > 160 mm 3 ) as significant. This threshold was chosen based on data simulations conducted by Lieberman and Cunningham (2009) , which suggested that this threshold produced the best balance between Type I and Type II error rates. To identify the direction of effects, we subsequently conducted paired sample t-tests between sessions (e.g. placebo > low dose; placebo > high dose; low dose > high dose).
Results
Subjective drug effects
Mean DEQ and ARCI self-report ratings are displayed in Table 2 . All self-report results are Bonferroni corrected for multiple comparisons. Pre-scan (i.e. 60 min post-drug) and post-scan (i.e. 120 min post-drug) ratings were averaged to estimate subjective drug effects during resting-state data collection (i.e. approximately 100 min post-drug). The drug increased DEQ ratings of feeling drug effects (F(2, 26) = 23.11, p < 0.001). Participants reported feeling more drug effects during high dose relative to both low dose (p < 0.01) and placebo (p < 0.001), and during low dose relative to placebo (p < 0.001) (see Figure 1 ). The drug also increased DEQ ratings of feeling high (F(2, 26) = 5.28, p < 0.01). In this case subjects reported feeling more high after the high dose relative to placebo (p = 0.04). There were no differences in feeling high between high dose and low dose (p = 0.47) or low dose and placebo (p = 0.20). There were no effects of drug for the DEQ drug liking subscale, the ARCI MGB (i.e. morphine-benzedrine group) euphoria subscale, or ACRCI (i.e. pentobarbitalchlorpromazine-alcohol group) sedation subscale.
Drug effects on negative affect
Mean ratings of the POMS negative affect scales are displayed in Table 2 . To assess changes in negative affect as a function of session, we conducted a series of Time (baseline vs. post-drug) × Session (placebo vs. low dose vs. high dose) repeated-measures ANOVAs using the individual negative affect subscales of Anxiety (panicky, restless), Depression (sad, unworthy), Anger (grouchy, annoyed), the negative arousal score (negative excitability), and the positive mood score (happy, elated) as the dependent variables. One participant did not complete the self-report ratings and was excluded from the analyses. Results indicated no significant changes in ratings, as a function of session, on the individual negative affect subscales or the positive mood scores. However, there was a significant Time × Session interaction (F(2, 24) = 4.76, p = 0.02) for changes in negative arousal (Figure 2) . At baseline there were no session differences in negative arousal; however, after ingesting the high dose of oxycodone, participants reported significantly less negative arousal relative to placebo (t(12) = 3.62, p = 0.04). There were no session differences in negative arousal between low dose and placebo.
Functional connectivity
Dorsal ACC seed region
Analyses of whole-brain seed-to-voxel connectivity patterns indicate differences between session in functional connectivity between the dorsal ACC seed region (dACC) and a cluster of voxels in the right (MNI peak: [32, 12, 2], F(2, 39) = 20.15, p < 0.001, uncorrected) and left anterior insula/putamen (MNI peak: [-26, 20, 2] , F(2, 39) = 9.37, p < 0.001, uncorrected). Given that the bilateral clusters were composed of two separate anatomic regions and Upadhyay et al. (2012) previous reported that the opioid buprenorphine disrupted putamen connectivity, dACCanterior insula and dACC-putamen functional connectivity data were extracted separately, post hoc, by identifying each functional cluster masked by anatomic regions of interest (ROI volumes: right insula = 936 mm 3 ; right putamen = 1432 mm 3 ; left insula = 80 mm 3 ; left putamen = 32 mm 3 ). dACC-right insula functional connectivity was reduced during low (t(13) = 4.88, p < 0.01) and high doses (t(13) = 3.76, p < 0.01) relative to placebo; however, there were no differences between low and high dose. Similarly, dACC-left insula functional connectivity was reduced during low dose (t(13) = 3.10, p = 0.01), and high dose at a trend level (t(13) = 1.83, p = 0.07), relative to placebo. There were no differences in dACC-left insula connectivity during low versus high dose. dACC-right putamen functional connectivity was reduced during low (t(13) = 5.14, p < 0.01) and high doses (t(13) = 2.77, p = 0.02) compared with placebo, and there were no differences between low and high dose. Lastly, dACC-left putamen functional connectivity was reduced during low (t(13) = 2.53, p = 0.03) and high doses (t(13) = 3.12, p < 0.01) compared with placebo; however, there were no differences between low and high doses. dACC-anterior insula and dACC-putamen functional connectivity by session is displayed in Figure 3 .
Rostral ACC seed region
Similar to the above analyses, results indicated differences between session in functional connectivity between the rostral ACC seed region (rACC) and the right insula (MNI peak: [40, 18] , F(2, 39) = 9.24, p < 0.002, uncorrected). rACC-right insula functional connectivity was reduced during low (t(13) = 2.65, p = 0.02) and high doses (t(13) = 3.76, p = 0.002) relative to placebo. There were no differences in rACC-right insula connectivity during low versus high dose (Figure 4) .
Oxycodone did not alter functional connectivity between the dACC or rACC and other pain-matrix regions including the thalamus and somatosensory cortices. Other brain regions outside the pain matrix that demonstrated effects of oxycodone on dACC and rACC functional connectivity are shown for completeness in Table 3 and Table 4 , respectively. Of note, we tested whether oxycodone-induced changes in dACC/rACC-anterior insula functional connectivity were associated with oxycodone-induced changes in negative arousal using Pearson's correlations but no significant relationships were detected. All functional connectivity results were not corrected for multiple comparisons.
Discussion
Previous research has demonstrated that opioid analgesics attenuate emotional and physical pain by modulating neural activity of the pain matrix, and that the dACC and rACC are involved in affective pain responses (Lee et al., 2014; Price, 2000) . Because the emotional aspects of pain contribute to the motivation to abuse opiates (McCabe et al., 2009) , the aim of the current study was to provide data on the effects of oxycodone on functional connectivity between the dACC/rACC and the rest of the pain matrix. We found that oxycodone (both doses) reduced functional coupling between dACC and a cluster composed of bilateral anterior insula and putamen relative to placebo. Oxycodone also reduced functional coupling between the rACC and right insula compared with placebo. The consistent effect of oxycodone on ACC-insula connectivity across both seed regions is noteworthy and suggests that via functional coupling with the insula, the rACC and dACC may play a similar role in oxycodone's acute effects during resting state.
Previous work suggests that the ACC-anterior insula circuit functions as a resting-state 'salience network,' such that the ACC and anterior insula work together to integrate awareness of interoceptive states with emotional salience information to ultimately form a subjective evaluation of bodily states (Seeley et al., 2007) . The ACC-anterior insula circuit is critically involved, via functional interactions, in the internal awareness and subjective experience of unpleasant pain-related emotions, and in guiding affective and behavioral responses to perceived unpleasantness (Medford and Critchley, 2010) . Consistent with this, the insula and ACC (both dorsal and rostral) are activated by attention to the unpleasantness of pain (Kulkarni et al., 2005) , and ACC-insula co-activation in response to highly arousing images is associated with self-reported subjective emotional awareness (McRae et al., 2008) . Moreover, a recent study found that patients with chronic pain exhibit increased functional connectivity between the ACC and anterior insula at rest and during pain processing, highlighting the role of increased ACC-insula connectivity in the experience of pain states (Ichesco et al., 2012) . These findings suggest that oxycodone dampens emotional and physical pain by reducing functional connectivity between the ACC and anterior insula, thereby disrupting the typical functions of the salience network. In other words, oxycodone may inhibit neural integration or lower the subjective awareness of interoceptive information needed for the affective perception of pain. Interestingly, the current ACC-anterior insula findings are consistent with a prior study investigating group differences in resting-state functional connectivity between abstinent prescription opioid-dependent patients (primarily oxycodone users) and healthy controls . Patients had both structural and functional abnormalities, including decreased functional connectivity between the anterior insula (seed region) and the rostral and dorsal cingulate cortices, putamen, and laterobasal amygdala. Since the present sample included non-dependent, recreational opioid-naïve, healthy volunteers, the acute effects of oxycodone on ACC-anterior insula functional connectivity may exist independently of intoxication states and play a key role in the pathophysiology of oxycodone addiction. More specifically, repeated exposure to oxycodone may lead to neuroadaptions within the ACC-anterior insula circuit, which, in turn, may precipitate oxycodone dependence. Future research is needed to directly test if the acute effects of oxycodone and other opioid analgesics on ACC-insula (and ACC-putamen) persist with ongoing and chronic exposure to drugs.
Of note, we found that oxycodone reduced functional connectivity between the dACC and a cluster composted of both anterior insula and putamen. This is interesting in light of findings from Upadhyay et al. (2012) which reported that buprenorphine, an opiate that acts on the same opioid receptors as oxycodone (Drewes et al., 2013) , attenuated dACC-putamen functional connectivity in response to noxious heat. Although not consistently conceptualized as part of the pain matrix, the putamen has a high density of μ-opioid receptors and is potentiated during pain processing (Bingel et al., 2004) . Similar to the anterior insula, evidence indicates that the putamen is involved in integrating motor, emotional, and cognitive responses to pain signals (Borsook et al., 2010) , and dopaminergic neurotransmission in the putamen is associated with subjective ratings of sensory and affective qualities of pain (Scott et al., 2006) . Therefore, oxycodone-induced ACC-putamen and ACC-anterior insula decoupling may similarly impair perception, awareness, and/or affective response to the aversiveness of pain. Importantly, these hypothesized mechanisms are in line with numerous animal and human pharmacological studies suggesting that μ-opioid receptor-mediated neurotransmission impacts the distressing, affective components of pain rather than the perception of pain itself (Ribeiro et al., 2005; Zubieta et al., 2001) .
Our findings also suggest that the prefrontal cortex (PFC) may be involved in the effects of oxycodone, which is consistent with emerging data implicating the PFC in pain modulation. We found greater connectivity between the dACC (but not the rACC) and the right medial frontal gyrus (MedFG), right superior frontal gyrus (SFG), left inferior frontal gyrus (IFG), and bilateral middle frontal gyrus (MidFG) during high doses of oxycodone relative to placebo and low dose. The PFC is known to exert top-down inhibitory influences on pain perception by disrupting functional interactions between regions of the pain matrix and dampening ACC activity (Eisenberger et al., 2003; Lorenz et al., 2003) . Thus, increased dACC-PFC functional connectivity during high dose of oxycodone may reflect acutely increased cognitive control over subjective pain unpleasantness. Interestingly, however, reports that abstinent chronic opioid users have decreased ACC-PFC resting-state functional connectivity (Ma et al., 2010) suggest that repeated opioid exposure may actually weaken these functional interactions and cognitive control capabilities. The functional relevance of enhanced dACC to MedFG, SFG, IFG and MidFG during high, but not low, dose of oxycodone remains an open question.
Despite the generally expected pattern of subjective drug ratings, the effects of oxycodone on ACC-insula and putamen resting-state functional connectivity were not dose dependent, as there were no differences between low (10 mg) and high (20 mg) doses. This pattern of results is consistent with a previous study which found that 10 and 20 mg of oxycodone had dose-dependent effects on subjective drug effects but not psychophysiological responding (i.e. heart rate, blood pressure, exophoria, and respiration rate; Zacny and Lichtor, 2008) . This implies that there may not be clear dose-dependent central nervous system effects of oxycodone at the 10 mg and 20 mg dose levels; however, this is difficult to assess without measuring the drug's pharmacokinetic properties. Relatedly, although high doses of oxycodone significantly reduced self-reported negative arousal, there were no dosedependent effects on subjective indices of emotional pain. However, this pattern of results is likely due to a floor effect, as the current sample of healthy controls reported extremely low levels of negative affect (e.g. anxiety, depression, anger) at baseline. Future studies would therefore benefit by using a clinical sample with elevated baseline levels of pain to further elucidate the role of ACC-insula/putamen functional connectivity in analgesia. The current study had several methodological strengths. First, the within-subjects, double-blind, cross-over design allowed for a controlled test of drug effects. The inclusion of a low (10 mg) and high (20 mg) dose was novel and important for comparison of dose effects. Subjects' expectancies regarding the type of drug they might receive were also minimized. Lastly, the current sample was naïve to recreational opioid use, had no history of psychopathology (including substance abuse and dependence), and reported extremely low levels of licit substance use, which minimizes potential sources of confounds in more complex participants.
The study also had limitations. The sample size was relatively small, limiting our ability to conduct sub-analyses, including correlations between oxycodone-induced changes in negative affect and functional connectivity. The present findings would also not withstand correction for multiple comparisons and therefore should be considered preliminary. As part of the study, we did not reliably collect physiological measures of heart rate and respiration and it is unclear whether these factors may contribute to the present pattern of results. In addition, the study did not include an assessment of the physical or affective dimensions of pain, leaving open the relation between oxycodone, ACC connectivity, and pain. Moreover, the effects of oxycodone on connectivity at resting state may not be generalizable to states of acute 'physical' pain (e.g. pain challenge). Future research is needed to continue to link these functional connectivity effects with subjective reports of perceived and actual pain, and broader cognitive, behavioral, and affective outcomes. Lastly, functional connectivity analyses are correlational and directionality between neural regions cannot be inferred.
In sum, we found that oxycodone attenuates dACC-anterior insula/putamen and rACC-insula resting-state functional connectivity, which may impair the perception and appraisal of internal pain states occurring at a tonic manner. Because drug users claim to use oxycodone to dampen physical and emotional pain, and prescription opioid-dependent patients exhibit reduced resting ACC-anterior insula functional connectivity , these neural pathways may underlie the pathophysiology of drug abuse, and may constitute treatment targets for individuals with prescription opioid use disorders.
